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 بسم الله الرحمن الرحيم

ِٗ أٍُِٔةُ﴾ ٍْ ٌَ إِ َٚ دُ  ٍْ وا َٛ ِٗ ذَ ٍْ ٍَ ِ، ػَ فٍِمًِ إلَِّا تاِللَّا ْٛ ا ذَ َِ َٚ ﴿ 

 88سٛسج ٘ٛد، اٌَح  –

 ج ٚاٌسلاَ ػٍى سٍذٔا محمد، خاذُ الأٔثٍاء ٚاٌّشسٍٍٓ، ٚػٍى آٌٗ ٚصذثٗ أجّؼٍٓ.ٚاٌصلا

أِا تؼذ، فثذّذ الله ٚذٛفٍمٗ، ٚترٍسٍشٖ ٚدذٖ، ذّىّٕا ِٓ إذّاَ ٘زا اٌؼًّ، سائٍٍٓ اٌٌّٛى ػض ٚجً أْ 

 ٌجؼٍٗ خاٌصًا ٌٛجٙٗ اٌىشٌُ، ٔافؼاً ٌٕا ٌٚغٍشٔا، ِٚثّشًا فً ٍِذأٗ.

ٚإلشاسًا تفضً اٌؼطاء، ٚسدًّا ٌٍجًٍّ، ٔرمذَّ تأسّى ػثاساخ اٌشىش ٚاٌرمذٌش إٌى الأسرار اٌفاضً سش٘ٛد 

٘شاَ، اٌزي ٌُ ٌذّخش جٙذًا فً ذمذٌُ إٌصخ ٚالإسشاد، ٚوأد ذٛجٍٙاذٗ ٔٛسًا أضاء ٌٕا طشٌك الإٔجاص. 

ّٕا خٍش اٌجضاء، ٚأْ ٌ ثاسن ٌٗ فً ػٍّٗ ٚػٍّٗ، ٌٚجؼٍٗ ِٕاسجً ذضًُء دسٚب طٍثح ٔسأي الله أْ ٌجضٌٗ ػ

 اٌؼٍُ ٚاٌّؼشفح.

وّا ٔرٛجّٗ تخاٌص الَِّرٕاْ ٚاٌرمذٌش إٌى الأسرارج ِشاح ٕ٘اء، ٚإٌى اٌضًٍِ اٌؼضٌض فاضً ِؼّش، ػٍى ِا 

 لذِّاٖ ِٓ دػُ ِٚسأذج ذشود أثشًا تاٌغًا فً إٔجاح ٘زا اٌؼًّ.

ٚلَّ ٌسؼٕا فً اٌخراَ إلَّ أْ ٔؼثشّ ػٓ ػٍّك اِرٕإٔا لأساذزذٕا اٌىشاَ، اٌزٌٓ واْ ٌُٙ اٌفضً فً ذىٌٕٕٛا 

، ٚوً ِٓ أسُٙ فً ٘زا 2025ٕا اٌجاِؼٍح. وّا ٔخصّ تاٌزوش صِلاءٔا ِٓ دفؼح ٚذأطٍشٔا طٍٍح ِسٍشذ

ّٕا أسّى ػثاساخ اٌشىش ٚاٌؼشفاْ، ٚدػٛاخٌ صادلح أْ ٌجضٌىُ الله  اٌؼًّ تفىشٖ ٚجٙذٖ ٚدػّٗ، فٍىُ ِ

.خٍش اٌجضاء، ٌٚٛفّمىُ ٌٚسذّد خُطاوُ فً دسٚب اٌؼٍُ ٚاٌّؼشفح

 



 

 

 

 ِٓ وٍٍّٗ الله تاٌٍٙثح ٚاٌٛلاس،إٌى اٌؼضٌض اٌزي دٍّد اسّٗ فخشًا، إٌى 

 إٌى ِٓ دصذ الأشٛان ػٓ دستً ٚصسع ًٌ اٌشادح تذلًَّ ِٕٙا،

 …إٌى أتً

ًّ أذٕى. ِٓ ظٙش أتً ِا واْ ٌذٍّٗ، ٌىٓ ٌٍذًٍّٕ، ِٓ أدٍ  ٌُ ٌذ

ا أشرًٙ اٌذُجثا. ّّ  ٚوٕد أدجة ػٓ ٔفسً ِطاٌثٙا، فىاْ ٌىشف ػ

 فشىشًا ٌىٛٔه أتً!

 إٌى ِٓ ػٍّّرًٕ الأخلاق لثً أْ أذؼٍّٙا، إٌى اٌجسش اٌصاػذ تً إٌى اٌجٕح،

 …إٌى اٌٍذ اٌخفٍح اٌرً أصاٌد ػٓ طشٌمً اٌؼمثاخ، ِٚٓ ظٍد دػٛاذٙا ذذًّ اسًّ ٌٍلًا ٚٔٙاسًا

 أًِ، ِذثٛترً ٍِّٚٙرً.

 …ٚإٌى ِٓ ٚ٘ثًٕ الله ٔؼّح ٚجٛدُ٘، إٌى ِصذس لٛذً، ٚأسضً اٌصٍثح، ٚجذاس لٍثً اٌّرٍٓ

 إخٛذً ٚأخٛاذً،

 ٚإٌى ِٓ إْ ضالد تً اٌذٍٔا ٚسؼد تخُطاُ٘، ٚإْ سمطد، وأٛا أٚي ِٓ سفؼًٛٔ تىلاُِٙ،

 فمًٕ تاٌمٍة لثً اٌذسب،إٌى ِٓ سا

 أصذاتً الأدثح

طشٌد صفذح ِٓ اٌرؼة ٚسجٍد فً ذاسٌخً فخشا لَّ ٌٕسى. ٌُ أػذ أذساءي ػٓ ِلاِخ اٌٛصٛي فمذ 

سأٌرٙا فً ػًٍٛٔ. ذلاشد غٍَٛ اٌرؼة ٚاترسُ الأفك تؼذ ػرّح الَّٔرظاس. ٘ا ً٘ اٌخطى اٌرً وأد ذرؼثش 

 ً لّح الإٔجاص، أدٍأاً لذ ٚجذخ ِسرمش٘ا ف

 ًْ ا ٚفشدًا ٚاِرٕا ًِ ٚتٍٓ طٍاخ اٌطشٌك ذٕفسد سلا
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أ٘ذي ٘زا اٌؼًّ اٌّرٛاضغ إٌى ِٓ غشسد فً لٍثً اٌمٍُ، ٚأٔاسخ دستً تذثٙا ٚدػٛاذٙا، إٌى ِٓ وأد 

 ٚلَّ ذضاي اٌذضٓ اٌذافئ، ٚاٌسٕذ اٌثاتد...

 إٌى أغٍى ِا فً اٌٛجٛد، أًِ اٌذثٍثح، جضانِ الله ػًٕ خٍش اٌجضاء، ٚتاسن فً ػّشن.

ٍْ لأ ًٍّّٕ أْ إٌجاح لَّ ٌأذً إلَّ ٚإٌى ِٓ سؼى ترفا جً سادرً، ٚواْ اٌمذٚج فً اٌىفاح ٚاٌصثش، ِٓ ػ

 تاٌجذ ٚالَّجرٙاد...

 إٌى سٕذي الأٚي، أتً اٌغاًٌ، أطاي الله فً ػّشن ٚسفغ لذسن فً اٌذٍٔا ٚاَخشج.

ّٓ إٌٛس اٌزي ٌضًء أٌاًِ، ٚاٌذػُ اٌزي لَّ ٌخثٛ...  إٌى أخٛاذً اٌؼضٌضاخ، أٔر

 اٌىشٌّح، ِٓ وثٍشوُ إٌى صغٍشوُ، أٔرُ فخش ٚاػرضاص، ٚاِرذاد سٚدً فً ٘زٖ اٌذٍاج.ٚإٌى ػائٍرً 

ٚإٌى أساذزذً الأفاضً، ِٓ اٌّشدٍح الَّترذائٍح إٌى ِماػذ اٌجاِؼح، اٌزٌٓ ٌُ ٌثخٍٛا تؼٍُّٙ ٚلَّ 

 ترٛجٍٙاذُٙ، وً الَّدرشاَ ٚاٌرمذٌش ٌىُ، فأٔرُ ششواء ٘زا إٌجاح.

 ٚإْ خأرًٕ اٌزاوشج فً ذؼذاد أسّائُٙ، فّىأُٙ فً اٌمٍة لَّ ٌُٕسى.إٌى وً ِٓ أدثثرُٙ ٚأدثًٛٔ، 

 إٌى وً ِٓ واْ ػٛٔاً ًٌ، تىٍّح، تذػاء، تاترساِح، أٚ ٌذظح دػُ.

وً طاٌة ػٍُ ِمثً ٚفً اٌخراَ، أسأي الله ذؼاٌى أْ ٌجؼً ٘زا اٌؼًّ خاٌصاً ٌٛجٙٗ اٌىشٌُ، ٚأْ ٌٕفغ تٗ 

ػٍى دسب اٌرخشّج ٚاٌّؼشفح.

HAMMADI 

Manel 
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Abstract: 

    This study presents the simulation and analysis of a Grid-Connected photovoltaic system. 

The model provides a detailed representation of key components, including the solar array, 

boost converter, and Grid-Connected inverter. An optimized DC/DC converter control 

strategy has been implemented to maximize energy extraction, ensuring efficient Maximum 

Power Point Tracking (MPPT). The Grid-Connected inverter facilitates seamless energy 

transfer by maintaining a stable DC-link voltage. Modeling and control strategies are 

developed and validated using MATLAB/Simulink, with simulation results demonstrating the 

system’s control performance and dynamic behavior under varying conditions. 

 

Keywords: Photovoltaic, Boost Converter, Inverter, Grid, MPPT, Perturb and Observe (P&O), 

MATLAB/Simulink. 

 
 

 

 :اٌٍّخص

حخُأل ْزِ انذساست يحاكاة ٔححهيم َظاو كٓشٔضٕئي يخصم بانشبكت انكٓشبائيت. يقذوّ انًُٕرج حًثيلًا حفصيهياا نهًكَٕاث      

نضًاٌ  .، ٔانعاكس انًخصم بانشبكت(Boost Converter) انشًسيت، انًحٕل انًعضصالأساسيت، بًا في رنك انًصفٕفت 

، يًا يحقق كفاءة عانيت في حقُيت حخبع َقطت DC/DCاسخخلًص انطاقت انقصٕٖ، حى حُفيز اسخشاحيديت ححكى يحسُّت نهًحٕل 

يٍ انٕحذة انكٓشٔضٕئيت إنٗ يعًم انعاكس انًخصم بانشبكت عهٗ َقم انطاقت انًسخخهصت  (MPPT) . انطاقت انقصٕٖ

ا (DC-link voltage) انشبكت انكٓشبائيت يع انحفاظ عهٗ خٓذ انخياس انًسخًش حى حطٕيش اسخشاحيدياث انًُزخت  .يسخقشا

، حيث حظُٓش َخائح انًحاكاة أداء انُظاو ٔاسخدابخّ MATLAB/Simulinkٔانخحكى ٔانخحقق يٍ صحخٓا باسخخذاو 

 .م يخخهفتانذيُاييكيت ححج ظشٔف حشغي

ٔانًشاقبت ، طشيقت الإصعاج MPPTحقُيت انطاقت انكٓشٔضٕئيت، انًحٕل انًعضص، انعاكس، انشبكت،  :اٌىٍّاخ اٌّفرادٍح

(P&O)، MATLAB/Simulink
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General Introduction  

      In recent years, solar-based power generation—particularly photovoltaic (PV) systems—

has gained significant traction as part of the global transition toward sustainable and 

environmentally friendly energy sources. According to the International Energy Agency (IEA), 

global PV installations reached approximately 98 GW in 2017, marking a 29% increase from 

the previous year, with China accounting for 32% of the total installed capacity. 

      Grid-connected PV systems represent one of the most widely adopted solar energy 

applications. Their effective operation relies on seamless integration between the PV 

generator, control mechanisms, and power electronics. A crucial component of this 

integration is precise current control within the inverter that links the PV system to the grid. 

Additionally, Maximum Power Point Tracking (MPPT) techniques are employed to optimize 

power extraction from the PV source, while DC-DC boost converters regulate voltage levels 

and enhance energy conversion efficiency. 

Motivation  

 

      The significance of this research lies in addressing a fundamental aspect of renewable 

energy systems: current control in Three-Phase Grid-Connected photovoltaic systems. Precise 

current regulation improves power quality, ensures synchronization with the grid, and 

enhances overall system stability and reliability. Given the dynamic nature of solar irradiance 

and temperature fluctuations, robust and adaptive control strategies are essential for 

optimizing performance. 

     This study aims to analyze and simulate current control strategies for grid- connected PV 

systems, focusing particularly on advanced techniques such as Model Predictive Control 

(MPC). The objective is to enhance system efficiency, dynamic response, and overall energy 

utilization under variable environmental conditions. 

Thesis Structure  

 

This research is structured into three core chapters: 

 

 Chapter One: provides a comprehensive overview of PV systems, detailing the 

photovoltaic effect, cell types, electrical characteristics, modeling approaches, and 

essential system components. Additionally, it outlines PV system classifications. 

 Chapter Two: explores Maximum Power Point Tracking (MPPT) methods, 

presenting
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 the simulation of the PV system and the implementation of the Perturb and Observe 

 (P&O) algorithm via a DC-DC boost converter to maximize power extraction. 

 Chapter Three: examines current control in Three-Phase Grid-Connected PV 

systems, covering converter types, inverter configurations, and system modeling. 

Furthermore, it discusses advanced control techniques, including Voltage Source 

Inverter (VSI) control, Phase-Locked Loop (PLL) synchronization, and a proposed 

Model Predictive Control strategy for enhanced system performance 
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Introduction 

    As the world continues to grapple with the depletion of fossil fuels and the environmental 

damage caused by their exploitation, the need for sustainable and renewable sources of energy 

has become increasingly urgent. Among the various alternatives, solar energy stands out as a 

clean, abundant, and inexhaustible resource. Photovoltaic (PV) technology, which directly 

converts sunlight into electricity, has emerged as a viable and promising solution to meet the 

growing global energy demand. 

     Every day, the sun generously supplies the Earth with abundant energy. This immense 

resource can be effectively harnessed through the utilization of photovoltaics, a technology that 

converts solar energy into electricity. Photovoltaic (PV) technology, also known as solar 

electric, is recognized as one of the most innovative and swiftly expanding renewable energy 

resources employed for electricity generation on a global scale. The adoption of PV technology 

offers a multitude of advantages, including its enduring nature, universal availability, eco- 

friendliness, affordability, absence of pollution, and minimal maintenance requirements [1]. 

       The applications of photovoltaic systems encompass a wide range of energy services, 

catering to both remote areas and network utilities. These applications include providing 

lighting to villages, powering solar home systems, illuminating streets and camps, facilitating 

traffic management, supporting medical facilities in remote regions, enabling 

telecommunication stations, facilitating battery charging, and operating water pumping and 

purification systems. The utilization of photovoltaic systems for electricity production 

originated in the 1970s and has since experienced substantial global growth, despite initial high 

capital costs [2]. 

1. General Knowledge  

 

1.1 History  
    Photovoltaic systems have been in use for 45 years. Their applications began with the space 

program for satellite radio transmission. They continued with maritime beacons and the 

equipment of remote sites worldwide, utilizing batteries to store electrical energy during sunless 

hours. 

The key dates in the history of photovoltaic are listed below: 
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 1839 The French physicist Edmond Becquerel discovered the process of using sunlight 

to generate electric current in a solid material. This is known as the photovoltaic effect.

 1875 Werner Von Siemens presented his findings before the Berlin Academy of 

Sciences. An article on the photovoltaic effect in semiconductors was published, but 

until World War II, the phenomenon remained merely a laboratory curiosity. 

 1954 Three American researchers, Chapin, Pearson, and Prince, developed a high- 

efficiency photovoltaic cell at a time when the emerging space industry was seeking 

new solutions to power its satellites. They discovered that the photosensitivity of silicon 

could be enhanced by adding "impurities," a technique known as "doping," which is 

now used for all semiconductors.

 1958 A solar cell with 9% efficiency was developed, and the first satellites powered by 

solar cells were launched into space.

 1973 The first house powered by photovoltaic cells was built at the University of 

Delaware.

 1983 The first solar-powered car traveled a distance of 4,000 km in Australia [3].

1.2 Solar Radiation  

     Solar radiation consists of photons with wavelengths ranging from ultraviolet (0.2 µm) to 

far-infrared (2.5 µm). The term Air Mass (AM) is used to characterize the solar spectrum in 

terms of emitted energy. 

     The total energy carried by solar radiation over the Sun-Earth distance is approximately 

1350 W/m² (AM0) in space, outside the Earth's atmosphere (Figure 1). When solar radiation 

passes through the atmosphere, it undergoes attenuation and modification of its spectrum due 

to absorption and scattering by gases, water, and dust. For instance, the ozone layer absorbs 

part of the sunlight spectrum, particularly some of the ultraviolet rays, which are harmful to 

human health. 

    The direct solar radiation received at the Earth's surface (at a 90° inclination) reaches 1000 

W/m² due to absorption in the atmosphere (AM1). This value changes depending on the 

inclination of the sunlight relative to the ground. The smaller the penetration angle θ, the 
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greater 

 the thickness of the atmosphere that the rays must pass through, leading to a significant 

energy 

loss. For example, the direct energy transported by solar radiation reaching the ground at an 

angle of 48° is approximately 833 W/m² (AM1.5) [4]. 

 

 

 

At Ground Level, the Total Radiation Received by a Plane Surface with Any Inclination 

Consists of Three Main Components: 

1.1.1 Direct Radiation 

This is the solar flux in the form of parallel rays coming from the solar disk without being 

scattered by the atmosphere [4]. 

1.1.2 Diffuse Radiation 

This is the portion of solar radiation that has undergone multiple reflections (scattering) in the 

atmosphere [4]. 

1.1.3 Reflected Radiation 

Figure (Ⅰ.7): Standards for Measuring the Spectrum of Light 

Energy Emitted by the Sun, Concept of the AM Convention 
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This is the part of solar illumination that is reflected by the ground. This radiation directly 

depends on the nature of the ground (e.g., clouds, sand.). It is characterized by a specific 

 

 coefficient related to the nature of the surface, called Albedo, which ranges from 0 to 1 (0 ≤ 

ε 

≤ 1) [4]. 

1.1.4 Global Radiation 

A surface receives global radiation, which is the result of the combination of the three 

components: direct, diffuse, and reflected radiation [4]. 

 

 

7.2 Solar Potential in Algeria 

    Algeria has one of the most significant solar resources in the world. The duration of 

sunshine across almost the entire national territory exceeds 2,000 hours annually and can even 

reach 3,900 hours, particularly in the High Plateaus and the Sahara. 

    The country possesses a substantial renewable energy potential, especially solar energy, 

Figure (Ⅰ.0): Different Components of Radiation [4]. 
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with solar radiation ranging from 3 kWh/m²/year in the north to 5.5 kWh/m²/year in the south, 

with sunshine duration between 2,000 and 4,000 hours per year [5]. 

    A satellite assessment conducted by the German Space Agency revealed that Algeria has the 

highest solar potential in the entire Mediterranean basin, estimated at 169,440 TWh/year for 

solar thermal energy and 713.9 TWh/year for photovoltaics [6]. 

 

 

 

 

Figure (Ⅰ.2): Daily Global Irradiation 

 Received. 

Figure (Ⅰ.2): Daily Global Irradiation Received 

on a Horizontal Plane in December [6]. 
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The maximum estimated value of global solar irradiation across the national territory is 

observed in June and July for various locations, as indicated in Figure (Ⅰ.5) [7].

After this comparison, it is clear that the sites of Telemen and Delfi have the highest values, 

respectively [7]. 

 

 

 

2. Photovoltaic System 

2.1 Photovoltaic energy  

2.1.1 Definition  

     Solar cell energy, which involves converting sunlight into electricity, refers to the generation 

of electricity from solar radiation using solar cells or solar panels. Solar cells are made of 

semiconductor materials, typically silicon, which directly convert sunlight into electricity 

through the photovoltaic effect. Solar cell energy is considered a renewable and sustainable 

energy source that can be used to power various applications, ranging from small devices to 

large-scale solar power stations [8]. 

0.7.0 The photovoltaic effect  

     Under the effect of solar radiation, the electron-hole pairs generated in the potential barrier 

are separated by the prevailing electric field. The holes (positive charge) are accelerated toward 

the P-doped region, while the electrons (negative charge) move toward the N-doped region. As 

a result, holes and electrons become the majority carriers on the outer surfaces of the P and N 

regions. 

 

Figure (Ⅰ.2): Highest Global Solar Radiation Values 

Across the National Territory [7]. 
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   Thus, an electric voltage appears on both sides, and the device functions as an electrical 

generator. The current is collected through metallic contacts (electrodes). If these electrodes are 

connected to an external circuit, a direct current (DC) flow [9]. 

 

 

 

2.1.3 The principle of photovoltaic conversion  

The photovoltaic cell comprises a semiconductor material that plays a crucial role in its 

functioning. When photons interact with a PV cell, they can either reflect off the cell, pass 

through it, or be absorbed by the semiconductor material. Only the absorbed photons provide 

the necessary energy to generate electricity. As the semiconductor material absorbs sunlight 

(solar energy), electrons become dislodged from the atoms within the material. Through 

specific treatments applied to the material surface during manufacturing, the front surface of 

the cell is made more receptive to these dislodged electrons, allowing them to naturally migrate 

towards the surface of the cell [10]. 

By establishing a circulation of electrons in the external circuit, the photovoltaic cell operates 

as a generator. The voltage produced by the cell typically ranges between 0.3 V and 0.7 V, 

Figure (Ⅰ.6) : Principe de la conversion photovoltaïque [9]. 
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depending on factors such as the material used, its arrangement, and the temperature of the 

cell. 

 

 

 

2.1.4 Type of photovoltaic cells  

     The cell is the most suitable conversion unit for the photovoltaic effect. The materials and 

the methodology used for the design of these cells influence the recovered energy. As a result, 

many solutions have been developed and they will be briefly introduced in next subsections 

[12]. 

 

 Mon crystalline Silicon

      Among the photovoltaic cells using silicon as base material, the monocrystalline are, in 

general, those which have the best performances. Thus, the commercial solar cells obtained 

with this process can reach an efficiency of 15 to 18% [12]. 

 Polycrystalline Silicon

      Polycrystalline silicon cells are cheaper than monocrystalline ones because the cell 

manufacturing processes are less stringent. However, their efficiency is lower. The 

manufacturing process is similar to the one previously described for silicon cell production but 

with less rigorous control. As a result, the cells obtained are less expensive but also less 

efficient (12.5% on average) [12]. 

Figure (Ⅰ.1): Photovoltaic cell structure. 
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 Amorphous silicon

     The use of amorphous silicon for solar cells has demonstrated significant advantages in 

terms of both electrical properties and the manufacturing process. It offers a simple 

production process, low energy consumption, cost-effectiveness, and the ability to produce 

cells with large areas. However, despite the reduced production cost, amorphous silicon solar 

cells have two disadvantages. Firstly, they exhibit lower conversion efficiency compared to 

mono crystalline and polycrystalline silicon cells. Secondly, their performance decreases 

rapidly by 10% to 20% of their power during the first three to six months of operation [12]. 

  

 

 

Single Crystal Polycrystalline Thin film 

 

 

 

 

2.1.5 Electrical and Performance Characteristics of PV Cells  

    Understanding the electrical behavior of a photovoltaic (PV) cell is essential for analyzing 

and optimizing its performance. These characteristics are typically represented through the I-

V (current-voltage) and P-V (power-voltage) curves, which define the electrical output under 

various operating conditions. 

 I-V and P-V Curves of a PV Cell  

Table (I.7): Type of photovoltaic cells. 
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Figure I. 9 shows I-V and P-V curves characteristic of the photovoltaic cell operating under 

standard test conditions. 

 

 

     The I-V curve represents the relationship between the electrical current flowing through the 

PV cell and the voltage applied across its terminals, while the P-V curve demonstrates the 

relationship between electrical power output and the voltage across its terminals. 

The I-V and P-V curves show five critical points, which are essential for understanding the 

operating characteristics of PV cell, which are: 

 Open Circuit Voltage (Voc): is the maximum possible voltage that PV cell can 

generate when the current through it is 0 amp, no load condition (open circuited).

 Short Circuit Current (Isc): is the highest possible current that a cell can generate 

when the voltage across its terminals equals 0V (short- circuited” R=0”).

 

 Maximum Power Point (MPP): is the point at where the PV cell operates at maximum 

power output (Pmax).

 Current at Maximum Power Point (Impp): represents the current produced by the 

PV cell when operating at the maximum power point. As shown in figure (Ⅰ.8) its 

value is lower than the short circuit current (Isc).

 Voltage at Maximum Power Point (Vmpp): represents the voltage produced by the 

Figure (I. 1): I-V and P-V curves characteristic of 

the photovoltaic cell [13]. 
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PV cell when operating at the maximum power point. As shown in figure (Ⅰ.8), its 

value is lower than the open voltage (Voc).

 Electrical characteristics of photovoltaic cell  

The electrical characteristics of a photovoltaic cell can be described by four parameters: 

 

 Short-circuit current Isc (for Voc= 0)  

 

     The short-circuit current is the maximum current generated by the cell when it is subject to 

a short-circuit (V = 0) for” full sun” illumination, it is directly proportional to the radiant 

energy received on the surface of the cell. Its value is obtained by connecting an ammeter 

across the cell terminals. Since Rs, Rsh, it can obtain Icc = Iph [13]. 

 Open circuit voltage Voc (for Isc = 0)  

 

    The open circuit voltage, Voc, refers to the voltage across the terminals of the cell when no 

load is connected, resulting in a generated current (I) of 0. By neglecting the current flowing 

through the parallel resistor Rsh, the Voc can be determined by directly connecting a voltmeter 

to the terminals of the cell [14]. 

 Maximum Power Point (MPP)  

 

    The crucial section of the I-V characteristic for users is the one that corresponds to energy 

generation. This point does not lie at the open circuit voltage (Voc) or the short-circuit point 

since they do not generate any power. Considering that power is the product of voltage and 

current (P = V Ö I), the maximum power point (Vmp, Imp) represents the operating point 

where the power supplied to the load is at its highest [14]. 

                  

Were 

 Pmp = maximum power point. 

Vmp = maximum power voltage. Imp= maximum power current. 

 Fill factor (FF)  
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     It is an important parameter in assessing the performance of a solar cell. It is calculated as 

the ratio of the maximum power of the solar cell to the product of the open-circuit voltage 

(Voc) and short-circuit current (Isc). It typically has a value of around 0.7 for efficient cells 

and decreases with temperature [15].  

The expression for the fill factor is given by: 

FF = 
      

      
Vmp Imp   

Were  

Voc = open circuit voltage.  

Icc = short circuit current. 

2.1.6 Irradiance and Temperature Effect on the I-V and P-V Characteristics 

The performance of a photovoltaic device depends on external factors such as solar 

radiation and temperature, which affect the current-voltage (I-V) 

 

 

 

Figure (I. 6): effect of irradiation and temperature change on the I-V curve characteristic 

of the PV panel [16]. 
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(Figure I. 9) illustrate that as temperature rises, the voltage of the PV device decreases while 

the current increases slightly. Conversely, with increasing irradiation, the current increases 

while the voltage slightly decreases. In addition, (Figure I. 10) demonstrates that the power 

output is directly proportional to the irradiance level and inversely proportional to the temper 

ature. It also indicates that the maximum power point varies with changes in temperature and 

irradiation. 

 

 

 

Temperature and irradiance have a direct influence on the electrical characteristics of a 

photovoltaic module. To show this impact, specific equations are used: 

 The light generated current of the photovoltaic cell depends linearly on the solar 

irradiation and is also influenced by the temperature according to the following equation 

[18]:

Iph = (I ph, n + Ki ∆T) 
 

  
 

where I ph, n is the light generated current at the nominal conditions (25°C and 1000W/m²) 

∆T=T- Tn where T and Tn are the actual and nominal temperature in Kalvin respectively. 

Gand Gn are the actual and nominal irradiation on the device in [W/m²] respectively. 

 The diode saturation current I0 and its dependence on the temperature may be expressed

by:

Figure (I. 10): effect of irradiation and temperature change on 

the P-V curve characteristic of the photovoltaic panel [17]. 
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I0 = I0, n (
  

 
)
 

  exp (
   

  
 (
 

  
  

 

 
)) 

 

Where Eg is the bandgap energy of the semiconductor (Eg≈1.12eV), and I0, n is the nom - inal 

saturation current: 

I0, n = 
      

   (
     

     
)
  − 1 

0.1.7 Modeling of PV cells 

2.1.7.1 Modeling of Single-Diode solar cell  

Three equivalent circuit models can be used to single-diode model: 

 Ideal solar cell or the single mechanism, three parameters (1M3P) model. 

 Solar cell with series resistance or the 1M4P model. 

 Solar Cell with Series and shunt resistances, also known as the 1M5P model. 

 Ideal Solar Cell (1M3P)  

The ideal equivalent circuit of a solar cell is a current source in parallel with a single diode. 

This model involves three unknown parameters: V (open-circuit voltage), Iph (short-circuit 

current), and Is (diode saturation current). This model is also known as the 1M3P model. 

The configuration of the ideal solar cell model with a single-diode is shown in Figure (Ⅰ. 12) 

 

 

The characteristic equation is deduced directly from the Kirchhoff law 

Figure (Ⅰ .77): circuit the ideal model. 
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Ipv = Iph   Id 

 

 

Were 

Ipv = photovoltaic current. 

Iph =photon current. 

Id = diode current. 

The diode current is given by the following equation: law: 

     ( 
     
     ) 

Were 

Is = series current. 

q = electric charge (1.6*10-19C). 

m = diode quality factor, K = Boltzmann constant (1.3854*10-23 J/K). T = temperature. 

Vpv = photovoltaic voltage. So, the output current is presented by the following nonl inear 

equation 

         ( 
     
     ) 

For the same irradiation and PN junction temperature conditions, the short-circuit current Isc 

is the greatest value of the current generated by the cell and the open circuit voltage Voc is the 

greatest value of the voltage at the cell terminals: 

                    

        
   

 
(  

   
  
) 

The output power is: 

     *      ( 
     
     )+ 

 Solar Cell with Series Resistance  

 

More accuracy can be introduced to the model by adding a series resistance. The electric 

schematic equivalent to this model is shown in Figure (Ⅰ .13) This model involves the following 
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four unknown parameters (V, Iph, Rs, and Is), which is also called 1M4P [14]. 

 

 

 

The diode current is: 

 

     ( 
             

     ) 

Where Rs = series resistance. Therefore, the I-V characteristic of the solar cell with 

single- diode and series resistance is given by: 

          ( 
            ) 

 

 Solar Cell with Series and Shunt Resistances (1M5P)  

      The losses in this configuration are modeled by two resistances: shunt resistance and series 

resistance. Thus, the model involves the following five unknown parameters (V, Iph, Rs, Rsh, 

and Is). This model is also called 1M5P, and its electrical schematic is shown in Figure (Ⅰ .14) 

[20]. 

Figure (Ⅰ .70): Circuit model 1M4P [14]. 
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The characteristic equation can be deduced directly by using the Kirchhoff law: 

Ipv = Iph − Id – Ish 

Were 

Ish = shunt current the diode current is: 

     ( 
             

     ) 

    
       

   
 

The single-diode model is governed by the following equation: 

          ( 
            )- 

       

   
 

Were 

 

Rsh = shunt resistance. 

The modeling of the PV cell in the three cases was done by applying the previous 

equations. Many types of simulation are carried out depending on the chosen model 

and the selected parameters [20]. 

 Modeling of two-diodes solar cell  

The two-diode model of the solar cell provides a high level of accuracy, although it is 

somewhat more complex. The configuration of this model is shown in Figure (Ⅰ .15) [21]. 

The two-diodes model is governed by the following equation 

Figure (Ⅰ .72): "Circuit of model 1M" [20]. 
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Figure (Ⅰ .72): Equivalent circuit of two 

diodes model [21]. 
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               ( 
         

     )       ( 
         

     )  
         

   
 

Were 

 

I02 = first diode saturation current 1. 

I02 = two diode saturation current. 

Vt2 = the instant temperature voltage. 

2.1. 8 Types of PV Systems  

Depending on how the energy is used, there are three different types of PV systems: 

standalone systems, hybrid systems, and Grid-Connected systems [22]. 

2.1.8.1 Standalone Systems  

A standalone PV system is an installation that operates independently of the electrical grid or 

any other energy sources. This system is used to supply power to one or more consumers, 

such as houses, cabins, or camps in remote areas, as well as for applications like monitoring 

and water pumping. 

There are two types of standalone PV systems: with storage and without storage. The general 

schematic of a standalone PV system is shown in Figure (Ⅰ .16) [23]. 

 

 Figure (Ⅰ .72): Standalone PV system with battery [22]. 
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2.1.8.2 Hybrid PV Systems  

Hybrid PV systems integrate a PV generator with another power source, such as wind 

turbines, diesel generators, hydroelectric systems, or even the public electricity grid. These 

systems are particularly suitable for remote locations where having electricity at all times is 

crucial, where fuel transportation costs are high, or where using a standalone PV system with 

batteries is not yet cost-effective [22]. 

They are often used for critical and strategic applications, such as telecommunication relays, 

border posts, and isolated housing, where conventional electricity grids are unavailable [23]. 

A hybrid system is illustrated in Figure (Ⅰ .18). 

 

 

 

 

2.1.8.3 Grid-Connected Systems  

In these PV systems, the PV generator is directly connected to the electrical grid. The 

grid- connected PV system is equipped with power converters to adapt the energy 

produced by the PV panels. These converters consist of a chopper with an MPPT, a 

filter, an inverter, and appropriate electronics to ensure voltage and frequency 

adaptation with the grid. The structure of a Grid-Connected PV system is shown in 

Figure (Ⅰ .19) [24]. 

Figure (Ⅰ .76): Hybrid PV system [22]. 



CHAPTER Ⅰ                                                                                              PHOTOVOLTAIC SYSTEMS 

35 
 

 

 

 

 

 

 

The major advantage of this solution is the absence of batteries. Energy is no longer stored; 

instead, it is directly injected into the local grid, which supplies houses at night or during cloudy 

days. This ensures that all the energy is utilized. There is a meter that runs in one direction for 

consumption and another in the opposite direction for production. 

These systems do not serve as backup power sources in the event of a grid outage, as they do 

not have any energy reserves [24]. In our study, we focus on the operation of a Grid-

Connected PV system. 

2.1. 9 General Presentation of the Photovoltaic Chain  

Photovoltaic generation systems are among the most promising renewable energy 

technologies due to their numerous advantages. 

In most cases, impedance matching must be achieved by inserting an electronic device 

between the generator and its electrical load. This device ensures that the system operates at its 

maximum power [25]

Figure (Ⅰ.71): Structure of a Grid-Connected 

PV system [22]. 
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2.1.9.1 Off-Grid Installations  

In the case of off-grid installations, the energy produced by photovoltaic solar panels is 

either used immediately (for pumping, ventilation, etc.) or stored in batteries for later 

use. The generated direct current (DC) can directly power devices designed for this 

purpose or be converted into 230V alternating current (AC) [27]. 

 

Figure (Ⅰ.71): General Structure of a Photovoltaic 

Conversion Chain [26]. 

Figure (Ⅰ.76): Off-Grid Photovoltaic Installation [27]. 
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2.1.9.2 Grid-Connected Installations (On-Grid)  

The system can also be connected to the electrical grid. The main advantage of grid 

connection is eliminating the need for costly and complex electricity storage. 

In its most economical versions, the inverter operates only in the presence of the grid; thus, a 

power outage renders the renewable energy generation system inoperative. A bidirectional 

inverter is required if a DC load is present. 

If local consumption exceeds the power generated by the photovoltaic system, the grid 

supplies the additional energy needed. Conversely, when production surpasses consumption, 

the excess energy is fed into the public grid to supply nearby consumers [27]. 

 

 

 

 

2. 2 Photovoltaic Generator  

The basic photovoltaic cell serves as a very low-power generator compared to the energy 

demands of most domestic and industrial applications. A single elementary cell, measuring a 

few tens of square centimeters, typically delivers at most a few watts, with a voltage below one 

volt, which is generally determined by the PN junction voltage. 

To generate more power, multiple cells must be assembled to form a complete photovoltaic 

module (energy generator) [28]. 

Figure (Ⅰ.02): Grid-Connected Photovoltaic Installation [27]. 
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2. 3 Energy Storage  

In a photovoltaic installation, storage refers to the conversion of energy produced by the 

photovoltaic generator, keeping it available for later use. Managing solar energy requires 

considering storage based on weather conditions. 

There are two types of storage: [30]: 

 Short-term storage: Storage duration of less than 10 minutes. 

 Long-term storage: Storage duration of more than 10 minutes. 

 

2. 3.1 The Battery  

The cell is the basic electrochemical unit used to generate electrical energy from stored 

chemical energy or to store electrical energy in the form of chemical energy. It consists of a 

positive electrode and a negative electrode in a container filled with an electrolyte, which 

provides the essential ionic conductivity between the positive and negative electrodes of a cell. 

A separator, which is an ion-permeable and electronically non-conductive material or spacer, 

prevents short circuits between the positive and negative electrodes of the cell [31]. 

The desired battery is obtained when two or more cells are connected in a suitable 

series/parallel arrangement to achieve the required operating voltage and capacity for a specific 

load. 

 

Figure (Ⅰ.07): Representative Diagram of a 

Cell, a Module, 
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2. 3. 2 The Role of Batteries in a PV System  

A battery is generally required when the PV grid cannot operate, for example, at night or 

during cloudy weather. The main functions of a storage battery in a PV system are as follows 

[32]: 

 Energy storage capacity and autonomy 

 Voltage and current stabilization 

 

2. 3. 3 Principle of Battery Operation  

Two electrodes immersed in an electrolyte form an electrochemical chain. Metal plates of 

different types can, for example, serve as electrodes. 

The electrochemical chain acts as a current generator by converting chemical energy into 

electrical energy. It is at the electrodes that electrochemical reactions take place. These 

reactions can generally be described as follows [30]: 

At the anode, which is the negative electrode, oxidation occurs during discharge, 

characterized by the following formula: 

     
       

M1 being the active species of the anode. 

The released electrons will travel through the external circuit to reach the cathode, 

which is the positive electrode, where the reduction reaction takes place. 

  
          

The overall redox reaction is as follows: 
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2. 4 The Different Connections of PV Panels  

2.4.1 Series Connection 

 How it works: The solar panels are connected together so that the positive and 

negative terminals of each panel are connected to the next one. 

 Result: The voltage increases, but if one panel is shaded or damaged, it can affect the 

performance of all the panels. 

2.4.2 Parallel Connection 

 How it works: The panels are connected so that all the positive terminals are 

connected together, and all the negative terminals are connected together. 

 Result: The current increases. This method allows for higher current without 

significant effect if one panel is shaded. 

2.4.3 Hybrid Connection 

 

 How it works: A combination of both series and parallel connections. Both voltage  

Figure (Ⅰ.00): Principle of Operation of a 

Lead-Acid Battery [32]. 
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and current can be increased together for better performance. 

 Result: You get the benefits of both methods together, but the system design may 

become more complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. 5 Advantages and disadvantages of photovoltaic systems  

Photovoltaic systems offer numerous advantages, but they also have certain drawbacks, 

which are discussed in the following subsections [33]: 

2. 5 .1 Advantages  

 Direct conversion of free and inexhaustible solar energy into electricity. 

 Absence of noise, pollution, and emissions, along with reduced maintenance 

requirements (no moving parts and individual module lifespan of approximately 20 

years). 

 Flexibility to adjust the installation size according to current needs, with the option of 

expansion as energy requirements increase. 

 Photovoltaic systems provide added value to rural areas, particularly in developing 

countries where no electricity grid is available. 

 Ensured profitability for low-power applications (less than 3-5 kWh/day). 

Figure (Ⅰ.02): Series, Parallel & Series-Parallel 

Connection of PV Panels. 
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2. 5 .2 Disadvantages  

 The manufacturing of photovoltaic modules requires advanced technology and 

substantial investments. 

 Photovoltaic generators are primarily competitive with diesel generators for low energy 

demands in isolated areas. 

 Incorporating electrical energy storage in the form of batteries increases the cost of the 

photovoltaic system. However, proper selection of batteries and associated regulation 

components ensures reliability and performance. 

 Many devices available in the market operate on alternating current at higher voltages 

(220-230V), whereas the power generated by the photovoltaic system is unidirectional 

and low voltage (<30V). Therefore, a boost/inverter conversion is required. 

 High-power photovoltaic systems often require a backup system, such as a wind or 

diesel generator, to meet periods of high demand or during cloudy weather conditions. 

It is important to consider both the advantages and disadvantages of photovoltaic systems to 

make informed decisions regarding their implementation. While they offer clean and 

renewable energy solutions, certain limitations and considerations must be taken into account 

to ensure optimal performance and cost-effectiveness [34]. 

Conclusion 

In this chapter, we introduced the fundamental concepts of photovoltaic (PV) systems. We 

began by explaining the nature and importance of solar energy, followed by the working 

principle of photovoltaic conversion. A detailed classification of PV cells was presented, 

highlighting their structures and electrical characteristics. Additionally, we explored the main 

types of PV systems and their configurations, including series, parallel, and hybrid 

connections. The advantages and limitations of each configuration were also discussed to 

provide a comprehensive understanding of their practical applications. This foundational 

knowledge sets the stage for the next chapter, which focuses on the extraction of maximum 

power from PV systems through MPPT techniques. 
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Introduction  

Grid-connected photovoltaic (PV) systems play a crucial role in modern distributed energy 

networks by providing clean and sustainable electricity. As the deployment of PV installations 

continues to grow, the performance demands on inverters increase. These inverters must be 

cost-effective, lightweight, and compact to suit residential applications, while also ensuring 

high reliability to match the longevity of PV panels. Additionally, they must achieve efficient 

power conversion and comply with safety standards under diverse environmental conditions. 

This chapter presents a comprehensive overview of Grid-Connected PV system modeling and 

configuration. It includes a review of common PV inverter topologies and focuses on the 

operation of a Boost Converter integrated with a Maximum Power Point Tracking (MPPT) 

controller. This arrangement is used to evaluate the effectiveness of the MPPT technique and 

analyze the power output of the PV system under varying levels of solar irradiance and ambient 

temperature. 

1. Modeling of a PV Cell  

An individual solar cell can be represented as part of an electrical circuit, incorporating two 

resistors—one in series and one in parallel—that account for Joule losses and recombination 

effects. It also includes a p–n junction, known as a diode, along with a photocurrent generator 

that describes the conversion of light into electrical current. This configuration is referred to as 

the single-diode solar cell model [KRS 18]. 

Figure (II.1) illustrates the ideal representation of a photovoltaic (PV) cell. The current source 

Iph represents the photocurrent generated by the incident solar radiation, while Rp and Rs 

correspond to the intrinsic parallel and series resistances of the cell, respectively. Since Rp is 

typically very large and Rs is very small, they can be neglected to simplify the analysis without 

significantly affecting the accuracy of the model. 
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2. Characterization of the PV Module  

The KC200GT photovoltaic module was analyzed to determine its electrical characteristics 

and performance under standard operating conditions. It consists of 54 monocrystalline silicon 

solar cells, each measuring 125 × 125 mm, connected in series to ensure consistent energy 

distribution across the module. 

This module is capable of delivering a peak power of 200 watts at 32 volts, making it suitable 

for various solar applications. The characterization process involved examining its power-

voltage and current-voltage relationships under a solar irradiance of 1000 W/m², allowing for 

a detailed assessment of its operational efficiency and response to varying environmental 

conditions 

The electrical characteristics of the KC200GT photovoltaic module under standard test 

conditions are presented in Table (II.1).

Figure (II.7): Model of a PV 

cell. 
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Figure (II .0):" Block diagram of the solar 

 

Total number of cells in series (Ns) 54 

Rated power (W) 
200.143 W 

Short-circuit Current (Isc) 
8.21 A 

Open circuit voltage (Voc) 
32.9 V 

Current at Maximum power (Imp) 
7.61 A 

Voltage at Maximum power (Vmp) 
26.3 V 

 

 

 

 

 

3. Simulation of the PV Module 

Based on the mathematical model of the solar cell developed using the MATLAB / 

SimPowerSystem tool, the schematic block in SIMULINK is presented in Figure (II .2)

Table (II.7): Electrical properties of the KC200GT PV module under standard 

test conditions. 
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Figure (II .2): Simulation results of the 

Current-Voltage. 

 

To increase the output power, PV modules are interconnected within a panel. 

In this configuration, modules can be connected in series, in parallel, or both. In our case, the 

number of series-connected modules is NS = 5, while the number of parallel-connected modules 

is NP = 4. 

To analyze the influence of irradiance, we fix the temperature at T = 25°C and vary the 

irradiance over a sufficient range. 

 According to Figure (II .3), a significant decrease in short-circuit current is observed with 

decreasing irradiance (E), while the open-circuit voltage experiences only a minor reduction. 

This demonstrates that the short-circuit current of the cell is directly dependent on irradiance, 

whereas the open-circuit voltage undergoes a slight increase as irradiance varies from 200 W/m² 

to 1000 W/m². 

 

 

 

 

 

 

 

We also notice from Figure (II .3) that irradiance proportionally influences the power and open- 

circuit voltage of the PV generator. 
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Figure (II .2): Simulation results of the Current-Voltage 

characteristics for various temperatures and an irradiance of E=1000 W/m2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure (II .6) shows that, in contrast to the short-circuit current, which stays constant, the PV 

generator's open-circuit voltage decreases as the temperature rises. 

A PV cell's physical behavior in response to temperature and irradiance changes is accurately 

reflected by the selected model, which has produced results that are in line with those found in 

the literature. 

4. DC-DC Converters in Photovoltaic Systems  

a) Definition and Importance of Static Converters  

 

Static converters are power electronic devices based on semiconductor technology, designed 

to convert electrical energy into a suitable form for powering various types of loads. These 

converters play a crucial role in regulating voltage and/or frequency to ensure compatibility 

between the generated power and the electrical system, using specialized energy management 

components and switching devices. 

To achieve efficient power conversion, it is essential to minimize energy losses, particularly 

heat dissipation, which can negatively impact system performance and lead to overheating of 

electronic components. To address this challenge, modern static converters employ energy 

storage elements, such as inductors and capacitors, alongside semiconductor switches that 

precisely control and regulate the flow of electrical power 
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The selection of switching devices depends on the system’s power level requirements: 

 MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors): Used in low- 

power applications (up to a few kilowatts), providing high efficiency and fast switching 

capabilities. 

 IGBTs (Insulated-Gate Bipolar Transistors): Commonly utilized in medium-to-high 

power systems due to their optimal balance between conduction efficiency and 

switching performance. 

 Thyristors: Ideal for very high-power applications, where robust voltage and current 

control is necessary for system stability. 

b) Role of DC-DC Converters in PV Systems  

 

DC-DC converters are essential components in photovoltaic (PV) systems, responsible for 

regulating voltage and current levels to maximize energy extraction from solar panels. 

These converters modify the electrical output of the PV array to align with the requirements of 

subsequent components, such as inverters or direct DC loads, thereby enhancing overall 

system efficiency and operational stability. 

Among various DC-DC converter types, the Boost Converter is one of the most widely used 

in PV applications due to its ability to increase the relatively low voltage generated by solar 

panels to the higher levels required for grid connection or standalone power applications. 

When integrated with Maximum Power Point Tracking (MPPT) algorithms, DC-DC 

converters not only optimize energy transfer but also ensure reliable operation under dynamic 

environmental conditions, such as fluctuations in solar irradiance and temperature. 

c) Boost Converter  

 Definition and Role  

A Boost Converter is a DC-DC power conversion device designed to increase the voltage level 

of a DC source efficiently. It enables electrical energy conversion from a lower input voltage 

to a higher output voltage, making it ideal for applications such as photovoltaic systems and 

battery-powered devices. 
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 Core Components of a Boost Converter  

 Inductor: Stores and transfers energy during switching cycles. 

 Switching Transistor (K): Regulates energy transfer and controls voltage output. 

 Diode: Prevents reverse current flow to maintain stability. 

 Capacitor: Filters and stabilizes the output voltage to ensure smooth operation. 

Also referred to as a Parallel Chopper, the fundamental circuit operation of a Boost Converter 

is illustrated in Figure (II .7) 

 

 

 

After understanding the operating principle and fundamental design of the Boost Converter, 

the next section will analyse its performance through simulation using MATLAB-Simulink, 

where the impact of the duty cycle on energy efficiency and system stability will be 

evaluated." 

 

 

 

 

 

 

Figure (II .5): Boost Converter 

Schematic Diagram. 
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The figures ((II .9) and (II .10) and (II .11)) present the simulation results of Boost Converters 

based on the parametric variation of the duty cycle, as illustrated in Figure (II.8). 

A slight oscillation is observed at startup, lasting approximately 0.01 seconds before 

stabilizing at a certain value. The results further demonstrate the direct relationship between 

duty cycle variations, where an increase leads to higher current levels and output voltage. 

Thus, the Boost Converter performed correctly without failure, as its output voltage is 

consistently higher than the input voltage, validating its expected functionality. 

Figure (II .1): "Output voltage of a DC-

DC converter." 

Figure (II .8): "Output current of a 

DC-DC converter". 

Figure (II .9):" Duty cycle of a DC-DC converter" 
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5. Maximum Power Point Tracking (MPPT): 

     The maximum power point (MPP) represents the specific operating condition at which 

solar panels achieve their highest power output. This point is primarily influenced by 

variations in temperature, fluctuations in irradiance, and load changes over time. The output 

voltage and current of the photovoltaic modules determine the maximum power output. 

     Maximum Power Point Tracking (MPPT) is an advanced control method widely utilized in 

solar power systems to optimize energy extraction. To ensure maximum power transfer, 

MPPT dynamically adjusts the power interfaces to align the operational characteristics of the 

load with those of the photovoltaic array. 

6. Operating Principle of MPPT: 

      The Maximum Power Point Tracking (MPPT) technique is a control mechanism designed 

to ensure that a photovoltaic (PV) module operates at its optimal power point, maximizing 

energy extraction. The fundamental concept behind MPPT is the continuous tracking of the 

Maximum Power Point (MPP) by dynamically adjusting the electrical operating conditions of 

the PV generator to optimize power transfer to the load. 

     MPPT is typically implemented using a DC-DC converter, which regulates the electrical 

power extracted from the solar panels to ensure that the output voltage aligns with the 

system's operating requirements. The location of the MPP is primarily determined by two key 

parameters: voltage and power, both of which are influenced by environmental factors such as 

solar irradiance and temperature. 

     These parameters are continuously monitored and processed within a feedback control 

loop, which dynamically adjusts the operation of the converter. This allows the PV system to 

operate as close as possible to its maximum power point, ensuring efficient performance even 

under varying weather conditions 

 



CHAPTER II                                                            MAXIMUM POWER POINT TRACKING OF PV SYSTEM 

51  

 

 

 

 

 

7. Classification of MPPT Algorithms: 

    To visually represent the classification of MPPT algorithms, Figure 11 illustrates the 

different categories, helping to distinguish between conventional and intelligent approaches to 

maximum power point tracking 

 

 

 
 

 

Figure (II .13) presents the classification of MPPT algorithms, dividing them into two main 

categories: conventional and intelligent techniques. Conventional methods rely on basic 

Figure (II .10): "Basic Photovoltaic 

Conversion Chain" 

Figure (II .11): "Classification of 

MPPT Algorithms" 
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mathematical principles but may experience oscillations around the maximum power point. In 

 

 contrast, intelligent algorithms utilize advanced strategies such as artificial intelligence and 

evolutionary optimization to ensure faster and more precise tracking 

 

. 

While conventional MPPT methods offer simplicity and low computational cost, intelligent 

techniques provide adaptive learning capabilities, ensuring superior performance under 

dynamic environmental conditions. The choice of an MPPT algorithm depends on a balance 

between accuracy, speed, and complexity, making advancements in artificial intelligence a 

crucial factor in optimizing photovoltaic energy extraction. 

1.Perturb and Observe (P&O) Method 

       It is the most widely used MPP tracking algorithm, and as its name suggests, it is based 

on system perturbation by increasing or decreasing     , either by acting directly on the duty 

cycle of the chopper, followed by observation of its effect on the panel's output power. If the 

current panel power P(k) is greater than the previous power  

P(k-1), the same perturbation direction is maintained; otherwise, the perturbation from the 

previous cycle is reversed. 

Table (II.2): "Comparison of MPPT Algorithms." 
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Once the MPP is reached, V oscillates around the optimal operating voltage Vmpp. 

This causes a power loss that depends on the step size of a simple perturbation Cp, whose 

ideal value depends on the system and is determined experimentally. 

 If Cp is large, the MPPT algorithm will respond quickly to sudden changes in 

operating conditions, but losses will increase in stable or slightly changing conditions. 

 If Cp is very small, losses in stable or slowly changing conditions will be reduced, but 

the system will no longer be able to track rapid changes in temperature or irradiation. 

 Disadvantage of the Method: 

       If sunlight increases suddenly, the panel's power will rise. The algorithm interprets this 

increase as a result of the previous perturbation and continues in the same direction, moving 

away from the maximum power point. This process continues until sunlight stabilizes, at 

which point the maximum power point is reached. This causes a response delay during sudden 

changes in operating conditions, leading to power losses. 

 

 

Figure II.12: Characteristic and Operation  

of the Perturb and Observe Method 
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9 .Simulation of the "P&O" MPPT Control: 

Simulation plays a crucial role in analyzing the performance of solar energy systems, 

providing an experimental environment to assess various parameters without the need for 

costly physical implementation. In this section, the "Perturb and Observe" (P&O) MPPT 

technique will be simulated using MATLAB/Simulink to evaluate the system's efficiency and 

responsiveness to variations in solar irradiance and electrical load. 

Through this simulation, the real-time performance of the MPPT algorithm can be monitored, 

demonstrating how voltage and current adjustments maximize power extraction from 

photovoltaic panels. This analysis helps refine the design of solar energy systems, enhancing 

their operational efficiency 

 

 

 

Figure (II .13): Perturbation and Observation 

(P&O) Algorithm 
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10.Simulation Results: 

The PV system with MPPT was evaluated through MATLAB/Simulink testing under different 

irradiance levels [1000 W/m²; 800 W/m²; 600 W/m²] at a constant temperature of T = 25°C. 

Figure (II .14): Scheme SIMULINK of the system Photovoltaic with MPPT 
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Figure (II .71): Power Variation 

Over Time. 

 

 

 

 
 

 
 

Figure (II .72): "Irradiance Variation 

Over Time." 

Figure (II .76): "Current Variation 

Over Time." 
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    Figure (II .21) illustrates the perfect MPPT operation under irradiance step changes while 

maintaining a constant temperature. The figure shows that the captured PV power varies 

between 12 kW and 6 kW, corresponding to the maximum power points. 

 

 

 

 

 

 

Conclusion  

This chapter analyzed the P&O MPPT algorithm integrated with a DC-DC boost converter, 

emphasizing its role in optimizing photovoltaic energy extraction. The mathematical modeling 

of the PV array was examined alongside the MPPT algorithm, demonstrating the system’s 

operational behavior under varying conditions. 

The P-V and V-I curves obtained through MATLAB simulations illustrate the dependence of 

photovoltaic performance on temperature and irradiance variations. The results confirm that 

the PV system consistently operates near maximum efficiency, maintaining stability around the 

MPP point despite sudden fluctuations in solar irradiation and ambient temperature 
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Introduction 

 
The continuous rise in global electricity demand, coupled with the rapid depletion of 

fossil fuel reserves, has intensified efforts to develop sustainable energy alternatives. In 

response to this growing challenge, many countries have enacted energy policies that 

actively support the integration of renewable energy sources, particularly photovoltaic 

(PV) systems, owing to their high efficiency, environmental sustainability, and 

declining costs. However, integrating PV systems into the electrical grid—especially 

within Three-Phase networks—introduces significant technical complexities, such as 

power flow control, grid stability, and power quality management. Addressing these 

issues necessitates the implementation of advanced control strategies, including 

inverter control, current regulation, grid synchronization through phase-locked loops 

(PLL), and signal filtering techniques. This chapter presents a detailed examination of 

the architecture and control methodologies of a Three-Phase Grid-Connected PV 

system. It provides a comprehensive modeling framework for essential components 

such as the load, grid interface, and DC-AC inverter, along with an in-depth evaluation 

of control techniques including hysteresis control, current regulation, and model 

predictive direct current control. Furthermore, a simulation model is developed to 

analyze the dynamic behavior of the system and assess the effectiveness of the 

proposed control strategies in optimizing power injection and maintaining grid 

stability. 

1. Grid-Connected System  

 
The Grid-Connected PV system proposed in this study, illustrated in Figure (ⅠⅠⅠ.1), 

operates by connecting the photovoltaic (PV) array in parallel with the public electrical 

grid. These systems are designed to inject the generated electrical energy directly into 

the utility network, ensuring efficient integration with existing power infrastructure. 

In such configurations, the DC electrical energy produced by the PV modules is 

converted into AC through a DC-AC inverter, which plays a critical role in system 

operation. This inverter not only maximizes power extraction from the PV array but 
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also ensures compliance with grid voltage and frequency standards, enabling stable 

energy  

 

injection into the grid or direct supply to local loads. 

Unlike off-grid PV systems, which rely on battery storage, Grid-Connected systems 

leverage the inverter as the central component, effectively eliminating the need for 

energy storage. The inverter is thus the core of the system’s control and energy 

management, ensuring seamless interaction between the PV generation unit and the 

electrical grid while optimizing power flow and maintaining operational stability. 

 

 

 

 

 

 

 

 

 

 

2. Control Structure of Grid-Connected Inverter 

The control system of a Grid-Connected inverter plays a crucial role in regulating the injection 

of power into the electrical grid, ensuring stable and efficient energy transfer from the 

distributed photovoltaic generator. To achieve this, a cascaded control structure is typically 

adopted, consisting of two interconnected loops 

      Among the most widely used configurations is the combination of an outer power 

control loop and an inner current control loop. The outer loop governs the power 

delivery to the grid, optimizing energy flow, while the inner loop precisely tracks the 

Figure (ⅠⅠⅠ.7): Diagram of a Grid-Connected 

system. 
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reference current, maintaining synchronization and ensuring steady-state operation. 

     In this study, a hysteresis current control technique is implemented within the 

natural (a b c) reference frame. As illustrated in Figure (ⅠⅠⅠ.2), this approach provides a 

rapid  

 

dynamic response and high robustness, making it highly suitable for Grid-Connected 

inverter applications, particularly in maintaining grid stability and power quality. 

 

 

 

 

 

 

 

 

In this study, a hysteresis current control technique is employed within the natural 

(abc) reference frame. As illustrated in Figure (ⅠⅠⅠ.2), this method offers a fast dynamic 

response and high robustness, making it particularly well-suited for Grid-Connected 

inverter applications where maintaining grid stability and power quality is essential. 

Alternatively, when control is implemented in the synchronous reference frame, sinusoidal 

electrical variables, such as voltages and currents, are transformed into a rotating 

reference frame aligned with the grid frequency, effectively converting them into DC 

quantities. This transformation enables the use of Proportional-Integral (PI) 

controllers, which provide effective regulation and stability, particularly when 

managing DC signals in Grid-Connected systems. The general control structure in the 

synchronous reference frame is depicted in Figure (ⅠⅠⅠ.3), illustrating the interaction 

between controlled parameters and system response. 

 

 

 

Figure (ⅠⅠⅠ.0): Control Structure by hysteresis current control technique. 
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3. Proposed Grid-Connected Photovoltaic System 

 
The proposed residential Grid-Connected photovoltaic (PV) system, illustrated in 

Figure (ⅠⅠⅠ.4), integrates all the essential components necessary for efficient solar energy 

conversion and seamless grid integration. These components include a PV array, a 

boost DC-DC converter, a Maximum Power Point Tracking (MPPT) controller, a 

voltage source inverter (VSI), a transformer, and the utility grid connection. 

The PV array operates under fluctuating environmental conditions, primarily influenced by 

variations in temperature and solar irradiance. A performance evaluation is conducted in 

the simulation section, where temperature ranges from 25°C to 45°C, while irradiance 

gradually decreases from 1000 W/m² to 200 W/m². The impact of these variations on the PV 

array’s output power is thoroughly analyzed to assess the system’s adaptability and efficiency. 

To optimize power extraction, the Incremental Conductance (INC) MPPT algorithm is 

implemented for regulating the switching of the boost converter. By continuously measuring 

voltage and current from the PV array, the MPPT controller dynamically adjusts the duty 

cycle of the converter, ensuring maximum power harvesting under diverse operating 

conditions. This control methodology enhances system performance, stability, and energy 

utilization efficiency, making the Grid-Connected PV system more reliable and adaptable to 

real-world scenarios. 

  

Figure (ⅠⅠⅠ.2): General Control Structure in synchronous reference frame 
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3.1 The Load 

 
In this study, a balanced resistive-inductive (RL) load is integrated into the AC side of the 

system. This type of load is widely utilized in simulation and analytical studies to effectively 

represent typical consumer appliances, ensuring uniform power distribution across all three 

phases. Maintaining balanced phase operation is fundamental for precisely evaluating the 

performance of the Grid-Connected photovoltaic system, as it allows for a comprehensive 

assessment of system stability, efficiency, and dynamic behavior under real-world operating 

conditions. 

2.2 Modeling of the Grid interface 

 
The electrical grid is modeled as a Three-Phase voltage source, characterized by a line-to-line 

RMS voltage of 400 V. This grid representation is directly connected to the photovoltaic (PV) 

system, as illustrated in Figure (ⅠⅠⅠ.5). 

This simplified model facilitates a comprehensive analysis of grid interaction, voltage 

synchronization, and power injection behavior under standard operating conditions. By 

establishing a clear framework for evaluating system response, this modeling approach enhances 

the accuracy of performance assessments and provides valuable insights into Grid-Connected PV 

system dynamics. 

 

 

 

 

 

 

 

 

 

 

Figure (ⅡⅠ .1): Block diagram of an RL filter 

 on MATLAB -Simulink. 
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3.3DC-AC Converter 

 
In this project, a Three-Phase, two-level inverter is utilized, as shown in Figure (ⅡⅠ .6) MOSFETs 

are selected as the switching devices due to their superior switching frequency compared to 

IGBTs, which significantly enhances the inverter’s dynamic performance by enabling faster 

switching and improved response time. 

The DC-link capacitor serves as the primary energy storage unit, ensuring voltage stability and 

facilitating efficient DC-to-AC power conversion. This configuration optimizes energy transfer 

efficiency and is particularly well-suited for Grid-Connected photovoltaic systems, where stable 

voltage regulation and high-frequency operation are essential for ensuring seamless grid integration 

and maintaining system reliability. 

 

 

 

3.4 Hysteresis Control of the Inverter 

In this application, a hysteresis current control technique is implemented to regulate the inverter's 

output current, ensuring fast dynamic response and high accuracy in tracking the reference 

current waveform. This method offers robust performance, making it particularly suitable for 

Grid-Connected photovoltaic systems, where precise current regulation is essential for stable 

power injection into the grid. 

Figure (ⅡⅠ .6): Inverter schematic. 
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Additionally, a conventional Proportional-Integral (PI) controller is employed to maintain the 

DC bus voltage at a constant level, effectively stabilizing the power conversion process and 

enhancing overall system reliability. By integrating both hysteresis current control and PI voltage 

regulation, the system achieves optimized energy management, ensuring efficient operation under 

varying load and grid conditions. 

2.5 Current Control 

Current control is recommended in all applications centered around a voltage inverter because it 

ensures, on one hand, good protection and stability. 

In addition, it allows the control of the current waveform during a period of the network, which 

enables compensation for disturbances caused by load transients, nonlinearities, and switching 

delays. Indeed, control strategies are applied to achieve rapid modulation of the voltage at the 

input/output of the converter such as PWM techniques. Also, current control is essential in certain 

applications such as active rectification and filtering, where the current must be instantly 

controlled to impose given active and reactive powers, to minimize harmonic currents, and to 

improve the power factor of the system. 

Hysteresis Current Control (HCC) involves maintaining the current within a band enveloping its 

reference. Each violation of this band gives a switching command to the switches. Figure (ⅡⅠ .7) 

illustrates the principle of hysteresis current control with fixed two-level band. The difference 

between the reference current and the measured current is applied to the input of a hysteresis 

comparator, whose output provides the control command for the corresponding arm of the bridge. 

 

 

 

 

 

 

 Figure (ⅡⅠ .1): current control. 
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The three currents at the input of the bridge are controlled using three fixed-band 

hysteresis comparators. The combination of the three outputs of these comparators 

determines the control commands for the switches constituting the bridge. Indeed, the 

determination of the switching instants follows the following logic: 

{
  
     

  

 
     

  
      

  

 
     

       i = a, b, c 

The role of the regulation loop of the inductor current is to maintain this current at a constant 

reference value. The regulation of this is achieved by adjusting the amplitude of the current references 

used to control the active power flow between the grid and the DC bus. 

3.6 Model a phase-locked loop (PLL) 

 
The grid phase information is obtained using a Phase-Locked Loop (PLL), which plays a critical 

role in achieving accurate synchronization in Grid-Connected photovoltaic systems. The 

Simulink model of the PLL structure, shown in Figures III.4 and III.6, enables precise estimation 

of the grid phase angle, ensuring seamless integration of photovoltaic-generated power into the 

electrical network. 

This phase angle is then applied in the dq (direct-quadrature) transformation of both voltage and 

current signals, allowing for effective control and analysis within a rotating reference frame 

aligned with the grid voltage vector. By utilizing this transformation, the system achieves precise 

regulation of active and reactive power, thereby enhancing grid stability, improving power factor, 

and ensuring efficient system operation 

3.7 Filter  

In this design, an RL filter is employed to interface the inverter with the grid, ensuring smooth 

power delivery and mitigating unwanted harmonic distortions. Since the inverter operates using 

pulse-based gating signals, the output current often contains significant harmonic components, 
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 which can compromise power quality and affect the overall performance of the Grid-Connected 

photovoltaic system. 

 

The RL filter effectively attenuates high-frequency harmonics, thereby smoothing the current 

waveform and enhancing the quality of power injected into the grid. By reducing harmonic 

distortion, the filter plays a crucial role in ensuring system stability, improving grid compliance, 

and maintaining efficient energy conversion within the photovoltaic system 

 

 

 

 

 

 

 

 

 

 

4. Predictive Direct Current Control of the Two-Level Inverter 

 
The schematic diagram of a Three-Phase Grid-Connected inverter, employing a predictive 

current control strategy, is illustrated in Figure III.7. This approach utilizes a cost function to 

minimize the error between the reference and predicted currents within the synchronous 

reference frame, ensuring fast and precise current tracking while optimizing system performance. 

In this control scheme, the d-axis of the synchronous frame is aligned with the grid voltage 

vector, representing the active current component, whereas the q-axis, corresponding to reactive 

current, is set to zero to achieve unity power factor operation. The grid voltage phase angle is 

extracted using a Phase-Locked Loop (PLL) block, which also plays a crucial role in regulating the 

DC-link voltage, thereby ensuring proper synchronization and voltage stability. 

Figure (ⅡⅠ .8): Block diagram 

of an RL filter 
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Utilizing Kirchhoff’s laws, the dynamic behavior of the Three-Phase Grid-Connected inverter 

can  

be mathematically formulated in the abc reference frame using the following state-space model 

 

 

 

 

 

 

 

 

 

 

 

 

 

The seven values of voltage vector U (k) generated by the inverter expression as 

 

     
 

 
             

Tabc is the transformation matrix, which can be written as 

 

     [
     
     
     

] 

The grid side voltages are given by 

            
 

  
            

 

Figure (ⅡⅠ. 6): Two -level inverter with grid 

connection. 
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The grid side voltages V, V written as follow 

          
 

  
          

The voltages in rotating reference frame (d-q) components can be expressed as 

        
 

  
                  

        
 

  
                 

The active and reactive power are obtained as 

 

   
 

 
(           ) 

   
 

 
(           ) 

The predictive current at the discrete-time model gives by 
 

   (   )  (  
     
  

)    ( )  
  
  
(   ( )     ( )) 

 

The best voltage vector applied to the DC/AC inverter based on the cost function described as 

 
   |  (   )        (   )|  |  (   )        (   )| 

 

When    (  + 1)       (  + 1) are the references value of the grid current at t = k + 1. 

 

5. Simulation of the PV Grid-Connected Inverter 

 
The system model was simulated in the MATLAB/Simulink environment to evaluate the 

performance of the proposed control scheme under varying operating conditions. The system 

behavior was analyzed at different irradiance levels, where solar insolation gradually decreased 

from 1000 W/m² to 800 W/m², while temperature increased from 25°C to 45°C. 
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To ensure unity power factor operation, the reactive current was maintained at zero throughout 

the  

 

simulation. The active and reactive voltage signals generated by the current controller were 

transformed into three modulating signals, serving as references for the MPPT PWM generator,  

which produced the desired output voltage. 

Figure III.14 illustrates the PV panel output voltage, highlighting that despite fluctuations in 

temperature and irradiation, the PV panel consistently operates at its Maximum Power Point 

(MPP) voltage. Additionally, the shoot-through duty ratio is dynamically adjusted to maintain a 

constant peak PV current, reinforcing the stability of the control strategy. 

Figures III.12 and III.13 depict the system output power and grid current, respectively. A 

comparative analysis between the simulated PV voltage and output power and the power 

characteristics discussed in Section 2 demonstrates a strong correlation, validating the 

effectiveness of the proposed MPPT method in achieving optimal energy conversion and stable 

grid integration. 
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Figure (ⅡⅠ .70): "Waveform of output 

voltage of PV" 

Figure (ⅡⅠ .72): "Waveform of output 

current of PV" 

Figure (ⅡⅠ .14): "Waveform of output 

power of PV" 

Figure (ⅡⅠ .15): inverter output 

currents in abc frame 

 

Figure (ⅡⅠ .16): Zoom of reference and 

inverter output currents in the frame 
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The detail performance of MPPT under diverse temperature and illumination change, it can be 

noted that the output power of the PV array, according to Figure (ⅡⅠ .12) indicates proximity of the 

point of maximum power. 

As see in Figure (ⅡⅠ .15) the reference currents change dynamically, the model predictive current 

control has the ability of fast current regulation and guarantee the output currents to meet the grid 

requirements. 

Furthermore, the currents   track their references with a very good performance in the steady 

state and in the transient in Figure (ⅡⅠ .16) 

     The digital simulation results driven grid connected photovoltaic (PV) inverters, ensure good 

dynamic speed trajectory tracking and near maximum power point. as illustrated in Figure (ⅡⅠ 

.17) 

 

 

 

 

 

Figure (ⅡⅠ .71): MPPT tracking 
Figure (ⅡⅠ .72): "waveforms of the alternating 

currents injected to the grid" 
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Conclusion 

This study successfully developed and analyzed a MATLAB/Simulink-based predictive current 

control model for a Grid-Connected solar PV system. The proposed control strategy ensures that 

when power balance is maintained at the DC-link, the inverter output current precisely tracks the 

reference current generated by the DC-side controller, enabling efficient and accurate power 

transfer to the utility grid. 

Moreover, the control system exhibited fast and reliable regulation of the DC-link voltage, 

ensuring stable operation under dynamic and fluctuating power conditions. The simulation 

results validate that the predictive current control approach delivers rapid dynamic response, 

robust current tracking, and improved overall efficiency, reinforcing its effectiveness and 

suitability for Grid-Connected photovoltaic applications. 
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General Conclusion 

   This research focuses on the control of Three-Phase Grid-Connected photovoltaic (PV) 

systems, an area of growing significance due to the increasing demand for renewable energy 

and efficient electricity integration. To ensure a comprehensive analysis, the study was 

divided into three interconnected chapters. 

     In Chapter I, the fundamental concepts of photovoltaic systems were introduced, covering 

solar radiation characteristics, types of PV cells, and operational principles. The modeling of 

PV cells was also discussed, along with the effects of environmental conditions such as 

irradiation and temperature on system performance. 

     Chapter II explored Maximum Power Point Tracking (MPPT) in photovoltaic systems, 

examining different MPPT methods, with a particular focus on the Perturb and Observe 

(P&O) algorithm. The role of DC-DC converters, particularly the Boost Converter, was 

analyzed to understand how power conversion improves energy efficiency and system 

performance. 

     Chapter III delved into the control strategies for Grid-Connected PV systems, emphasizing 

the structure and management of energy injection into the grid. Key topics included grid 

interface modeling, current control techniques, phase-locked loop (PLL) synchronization, and 

filtering methods to maintain power quality. Additionally, predictive direct current control 

was introduced as an advanced technique for optimizing system efficiency. 

     The final phase of this research involved simulating and evaluating the performance of the 

Grid-Connected PV system using PSIM software. Each subsystem was individually tested 

before conducting a full-system analysis to assess the overall effectiveness of energy 

injection. The results confirmed that the proposed system successfully extracts and delivers 

maximum available power to the grid, demonstrating its feasibility and operational efficiency. 

     This study contributes to the optimization of Grid-Connected PV systems by offering 

insights into modeling, control mechanisms, and performance evaluation. Future research 

could focus on developing more advanced MPPT algorithms, enhanced predictive control 

techniques, and system integration improvements to further refine efficiency and reliability in 

practical applications. 
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